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We study the potential of mean force (PMF) between atomistic silica and gold nanoparticles in the
vacuum by using molecular dynamics simulations. Such an investigation is devised in order to fully
characterize the effective interactions between atomistic nanoparticles, a crucial step to describe
the PMF in high-density coarse-grained polymer nanocomposites. In our study, we first investigate
the behavior of silica nanoparticles, considering cases corresponding to different particle sizes and
assessing results against an analytic theory developed by Hamaker for a system of Lennard-Jones
interacting particles [H. C. Hamaker, Physica A, 1937, 4, 1058]. Once validated the procedure,
we calculate effective interactions between gold nanoparticles, which are considered both bare and
coated with polyethylene chains, in order to investigate the effects of the grafting density ρg on the
PMF. Upon performing atomistic molecular dynamics simulations, it turns out that silica nanopar-
ticles experience similar interactions regardless of the particle size, the most remarkable difference
being a peak in the PMF due to surface interactions, clearly apparent for the larger size. As for bare
gold nanoparticles, they are slightly interacting, the strength of the effective force increasing for the
coated cases. The profile of the resulting PMF resembles a Lennard-Jones potentials for intermediate
ρg, becoming progressively more repulsive for high ρg and low interparticle separations.
I. INTRODUCTION
The potential of mean force (PMF) is one of the most
topical issues when facing the problem of determining
the stability of nanoparticle (NP) systems and nanocom-
posites [1–3]. The possibility to calculate the net inter-
actions between a couple of nanoparticles, hence gain-
ing knowledge on the overall behavior of the system, can
open the way to systematic studies of macroscopic prop-
erties of potential tecnological interest. This is particu-
larly true for polymer nanocomposites, where the addi-
tion of nanoparticles can sensibly improve their physico-
chemical properties (see, e.g., Refs. [4–6]). For instance,
it is now well established that a specific NP dispersion
state in a polymer matrix is crucial to improve a given
property of the system [7, 8]; the knowledge of such a
dispersion state can be gained by means of the PMF
between the NPs belonging to the composite. In this
context it is worth noting that the study of interactions
between nanoparticles dispersed in polymer matrices or
in solvents is currently object of rather extensive studies,
by means of experimental [9, 10], theoretical [11, 12] and
simulations [13, 14] approaches.
As far as theoretical approaches are concerned, they
are generally based on the Polymer Reference Interac-
tion Site Model (PRISM) theory developed by Curro
∗ gmunao@unisa.it
and Schweizer in the late ’80s [15, 16]. This theory has
generally provided good results when facing the study
of PMF, obaining a good agreement with experimental
data (see, e.g. Refs. [17, 18] and [19, 20] for two de-
tailed reviews); however, according to this theory, only
generic models can be investigated and the chemical de-
tails characterizing a given compound is lost. In or-
der to fully recover its chemical structure, computer-
simulations based calculations are needed. Many efforts
have been dedicated to shed light on the complex prop-
erties of polymers-nanoparticles interface, going from
atomistic to mesoscale representations (see, for instance,
Refs. [21, 22] for two recent reviews). To quote some ex-
amples, previous numerical studies have highlighted the
effects of the NP curvature on the behavior of PMF [23],
the role played by attractive dispersions interactions be-
tween polymer and nanoparticles [24, 25] and the impor-
tance of the ratio between coated and free polymer chain
lengths [26] and of the NP radius [27].
In all the above mentioned studies, nanoparticles have
been generally represented by means of simple coarse
grained models, like bead-spring or pearl-necklace rep-
resentations; this is an unavoidable choice when tackling
the issue of investigating nanoparticles dispersed in poly-
mer matrices. In fact, under such conditions, an atom-
istic representation should require the calculation of pair-
wise interactions over hundreds of thousands of atoms
for long times, making the calculation practically unaf-
fordable. More details on the chemical structure of the
coarse-grained models can be gained by adopting a mean
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2FIG. 1. Representative snapshots of nanoparticles investigated in this work: silica NP (left), bare gold NP (center) and coated
gold NP (right). The color legend is the following: O=red, Si=green, H=white, Au=orange, S=yellow, C=cyan.
field representation of the non-bonded interactions, hence
giving rise to an hybrid particle-field approach [28, 29].
However, the atomistic details of the interactions equally
need to be addressed in order to provide the overall be-
havior of the potential of mean force.
In this work we plan to address this point by calculat-
ing the PMF between couples of silica and gold nanopar-
ticles by using atomistic models. In particular, we focus
on the nature and a suitable procedure to obtain real-
istic NP-NP interaction potentials. Our investigation is
focused on the effects due to the silica particle size and
to the presence (or absence) of polyethylene (PE) chains
coated onto the surface of gold nanoparticles. Such mod-
els have been chosen in order to consider systems with
an increasing degree of complexity, from bare nanoparti-
cles to coated systems with increasing grafting densities.
In order to make the calculation affordable, and aiming
to clarify the microscopic details of NP-NP interactions,
we simulate our systems in the vacuum, i.e. without
any surrounding polymer matrix or solvent. The present
work is framed in the broader perspective of obtain-
ing atomistic potentials that will be used in subsequent
studies concerning high-density coarse-grained polymer
nanocomposites. For such an aim, we perform molecular
dynamics simulations in the canonical ensemble (NVT)
by means of the GROMACS package [30]. As stated in
Ref. [13], when compared to other techniques frequently
adopted for calculating the PMF, like the umbrella sam-
pling, this approach shows some advantages: in fact, even
if the results obtained by implementing the two tech-
niques are basically the same, NVT simulations allow to
gain information also on the net forces experienced by
the nanoparticles, and to discriminate between their dif-
ferent contributions. For the case of silica nanoparticles
we also compare simulation results with theoretical pre-
dictions based on the Hamaker theory [31], specifically
developed to deal with spherical systems comprised by
TABLE I. NP systems investigated in this work. Diameters
are in nm and grafting densities ρg in chains/nm
2. In the case
of gold nanoparticles, the diameter is referred to the circum-
scribed sphere of the cuboctahedron.
NP Diameter Coated Na ρg Nc Lc
Silica 2.5 No 1401 - - -
Silica 4.0 No 3189 - - -
Gold 1.6 No 79 - - -
Gold 1.6 Yes 801 2.36 19 38
Gold 1.6 Yes 1143 3.48 28 38
Gold 1.6 Yes 1523 4.72 38 38
several Lennard-Jones interacting particles. Such a com-
parison is not performed for the gold NPs, due to the
presence of coating chains and the non-spherical shape of
the particles. In addition, in order to gain further insigth
into the local structure of coated PE chains, gyration
radii and end-to-end distances have been also computed.
The paper is organized as follow: in the next Section
we provide details on models, theory and simulation ap-
proaches. In Section III we present and discuss the ob-
tained results, finally drawing the conclusions in the last
Section.
II. MODELS AND METHODS
A. Silica and gold NPs
A representative picture of the nanoparticle models in-
vestigated in this work is given in Fig. 1: as visible, dif-
ferent colors label different atom types. As anticipated in
the Introduction, we first investigate the behavior of the
PMF between a couple of bare spherical silica nanopar-
ticles (Fig. 1, left panel) with diameters of 2.5 and 4
3TABLE II. Parameters of non-bonded potential Vnb(rij) ≡
VLJ(rij) + VCoul(rij) + Vrf (rij).
Atom σ (nm) (kJ mol−1) q(e)
Silica NP
Si 0.392000 2.510400 1.020
O 0.315400 0.636840 -0.510
H 0.235200 0.092000 0.255
Gold NP
Au 0.293373 0.163176 0.000
S 0.355000 1.066000 -0.180
C 0.350000 0.276000 -0.120
H 0.250000 0.138000 0.060
TABLE III. Parameters of bond stretching potential Vb(r) ≡
(kr/2)(r − r0)2.
Bond r0 (nm) kr(kJ mol
−1 nm−2)
Silica NP
Si-O 0.1630 1 · 107
O-H 0.0950 1 · 107
Gold NP
Au-Au 0.2920 400000
Au-S 0.2400 400000
C-S 0.1810 400000
C-H 0.1090 400000
C-C 0.1552 265265
nm; the model for these NPs has been developed by the
Mu¨eller-Plathe group and employed for studying the in-
terface between silica nanoparticles and polymer matri-
ces [32, 33]. Then, we study the behavior of gold NPs
(middle panel of Fig. 1): for such an aim we adopt a
model already investigated in Refs. [34, 35], constituted
by a core made of 79 Au atoms organized in a cubocta-
hedral geometry with a Au-Au bond length of 0.292 nm.
Finally, gold NPs are considered coated with a variable
number of PE chains, each one containing 38 monomers
(right panel of Fig. 1) and connected to the inner part
of the NP through one sulfur atom. Following the pre-
scription of Ref. [34], sulfur atoms are covalently bonded
to a gold atom by using a harmonic potential with an
Au-S bond length of 0.24 nm (see Tab III): this method
of attachment restricts the position of the S atom to a
position directly above the Au atom to which it is at-
tached. Further details on the model parameters can be
found in Refs. [34, 35].
The complete collection of the investigated systems is
reported in Tab. I, whereNa is the total number of atoms,
ρg the grafting density, Nc the number of coated chains
and Lc the number of monomers belonging to a single
chain. Tables II-V provide a summary of the potential
energy parameters. In particular in Tab. II we report
all the non-bonded interactions, i.e. the interactions be-
tween atom pairs whose distance rij is not fixed by the
TABLE IV. Parameters of bond angle potential Vd(θ) ≡
(kθ/2)(θ − θ0)2.
Bond angle θ0(degrees) kθ(kJ mol
−1 rad−2)
Silica NP
O-Si-O 109.47 469.716
Si-O-Si 144.00 209.598
Si-O-H 119.52 228.836
Gold NP
H-C-H 107.8 276.144
H-C-C 110.7 292.88
C-C-C 112.7 527.184
C-C-S 108.6 418.4
S-C-H 113.4 292.88
TABLE V. Parameters of dihedral angle potentials Va(φ) ≡
(kφ/2)[1− cos f(φ− φ0)].
Bond angle φ0(degrees) kφ(kJ mol
−1 rad−2)
Polyethylene
H-C-C-C 60 5.86
C-C-C-C 60 5.86
C-C-C-S 60 5.86
connectivity. In this Table we have defined:
VLJ(rij) = 4[(σ/rij)
12 − (σ/rij)6] , (1)
VCoul(rij) = qiqj/4pi0r
2
ij , (2)
Vrf (rij) = VCoul(rij)rij(rf−1)(2rf +1)(r2ij/r3cut) . (3)
The first contribution is the standard Lennard-Jones po-
tential, determined by the interaction energy  and the
close-contact distance σ. VCoul(rij) is the Coulombic in-
teraction between two atoms with charges qi and qj , 0
being the vacuum permittivity. The third contribution
takes into account the effect of a reaction field [36] with
a dielectric constant rf and, after the cutoff length rcut,
is modeled by using the Kirkwood approximation [37].
In Tab III we define the bond stretching potential Vb(r),
dependent on the elastic constant kr of the material and
on the elongation r respect to the equilibrium position
r0. Analogous expressions hold for the bond angle po-
tential Va(θ) reported in Tab IV, where θ and θ0 are the
angular counterparts of r and r0 and kθ is a constant
still dependent on the material properties. Finally, pa-
rameters of the dihedral angle potentials Vd(θ) for the
polyethylene chains are reported in Tab V, φ and φ0 be-
ing the analogous of θ and θ0 for dihedral angles, kφ an
other material-dependent constant and f being the mul-
tiplicity of φ0.
B. Simulation details
In the present work all simulations have been per-
formed by using GROMACS 4.6.3. [30], employing a
4TABLE VI. Minimum and maximum values of interparticle
distances as functions of particle size and grafting density.
The number of investigated simulation points Np is also re-
ported. All distances are in nm. As stated in Tab. I, for gold
nanoparticles, the diameter is referred to the circumscribed
sphere of the cuboctahedron.
NP Diameter Coated ρg rmin rmax Np
Silica 2.5 No - 2.5 8.5 31
Silica 4.0 No - 4.0 10 36
Gold 1.6 No - 1.6 5.6 21
Gold 1.6 Yes 2.36 1.6 6.6 26
Gold 1.6 Yes 3.48 1.6 7.6 31
Gold 1.6 Yes 4.72 1.6 7.6 31
cubic simulation box of side Lbox = 26 nm with peri-
odic boundary conditions. In the case of silica NPs, a
time step of 1 fs has been used for all simulations. For
the nonbonded interactions, a cutoff of 1.0 nm has been
used, while the coulomb long-range electrostatic interac-
tions have been treated by means of a generalized reac-
tion field [36] with a dielectric constant rf = 6.23 and
a cutoff of 1.0 nm. For gold NPs we have analogously
proceeded, the only differences being the values of cutoff
for nonbonded and electrostatic interactions, both fixed
to 1.35 nm. Simulation parameters have been fixed by
following a similar procedure described in Ref. [38]. In
all systems the temperature has been kept constant at
T = 590K by using a Berendsen thermostat [39] with a
time coupling τ = 0.1 ps. We have verified that results
do not change if the Nose-Hoover thermostat is used af-
ter the equilibration in place of the Berendsen one. The
temperature has been chosen high enough to allow for a
proper relaxation of the considered systems and for the
subsequent PMF calculations. The specific value of 590
K has been fixed in order to simulate silica nanoparti-
cles in conditions similar to those reported in previous
numerical investigations of the same NPs [32, 33]. With
the aim to investigate, for the sake of clarity, silica and
gold nanoparticles at the same temperature, we have set
T = 590K for studying gold NPs also. In order to cal-
culate the PMF between the above said nanoparticles,
we have preliminarly built a collection of independent
initial configurations with particles placed at progres-
sively increasing mutual distances. In the case of gold
coated NPs, we have first prepared configurations with
the higher grafting density considered in this work (i.e.
ρg = 4.72) and taken from Ref. [35]: in such configura-
tions, chains are stretched and uniformly distributed over
the NP surface. Configurations with lower ρg have been
obtained by deleting some chains, in order to get a final
Nc equal to 50% (Nc = 19) or to ' 75% (Nc = 28) of the
fully coated case. All initial systems have been built by
using the Packmol program [40], which allows one to put
the desired number of particles in a given position inside
the simulation box avoiding overlaps. Then, we have
computed the forces experienced by the nanoparticles,
whose centers of mass are kept fixed, finally evaluating
the PMF by integrating the obtained forces:
U(r) = −
∫ rmax
rmin
F (r)dr (4)
where U(r) is the PMF, F (r) is the force and rmax and
rmin are the maxim and minimum distances between the
NPs, respectively. In all simulations rmin corresponds
to the NP diameter (see Tab. I), while rmax indicates a
NP-NP distance where the potential can be confidently
assumed equal to zero; distances are sampled with a step
of 0.2 nm. Values of rmin and rmax, along with the num-
ber Np of points simulated in a single run, are collectively
reported in Tab. VI. After a minimization procedure of
15 ps, equilibration runs of 20 ns have been preliminarly
produced, then averaging the forces over the next 10 ns.
The convergence has been ensured by verifying that the
average values of the forces do not change anymore up
to the first significant figure. Standard deviations have
been calculated in the production run according to the
formula:
s =
√∑N
i=1(Fi − F¯ )2
(N − 1) (5)
where Fi and F¯ are respectively the instantaneous and
the average value of the force experienced by the NPs
and N is the number of simulation time steps. An analo-
gous procedure has been implemented in order to calcu-
late standard deviations for gyration radii and end-to-end
distances. In what follows, if not explicitly reported in
the figures, error bars corresponding to standard devia-
tions are smaller than symbol sizes of the corresponding
curves.
C. Hamaker theory
It is known that for molecules containing a large num-
ber of atoms experiencing pair interactions, the evalua-
tion of the overall potential has an high computational
cost, since it amounts to calculate a double summation
over all the interaction sites. For a couple of NPs, such
a summation Usum is written as [41]:
Usum =
∑
i∈NP1
∑
j∈NP2
U(rij) (6)
where U(rij) is the pairwise potential. For particles with
simple geometrical shapes and number density ρi(r) of
interaction sites, this relation can be generalized to a
continuum approximation as:
Usum =
∫
NP1
∫
NP2
ρ1(r)ρ2(r
′)U(r − r′)dV dV ′ (7)
where V is the volume of the NP. For two spheres of
radius r1 ≤ r2, volume Vi = (4pi/3)r3i , placed at a dis-
tance r12 > r1 + r2 and containing particles interacting
5via a Lennard-Jones potential, eq. 7 can be solved by the
Hamaker theory [31]. Within this approach, the attrac-
tive part of the interaction can be written as:
UA = −A12
6
[
2r1r2
r212 − (r1 + r2)2
+
2r1r2
r212 − (r1 − r2)2
+ln
(
r212 − (r1 + r2)2
r212 − (r1 − r2)2
)]
(8)
where A12 is the Hamaker constant and is takes the value
A12 = 4pi
2(ρσ3)2,  and σ being the Lennard-Jones pa-
rameters and ρ being the density. The repulsive part of
the interaction can be written as:
UR =
A12
37800
σ6
r12
[
r212 − 7r12(r1 + r2) + 6(a21 + 7a1a2 + a22)
(r12 − r1 − r2)7
+
r212 + 7r12(r1 + r2) + 6(a
2
1 + 7a1a2 + a
2
2)
(r12 + r1 + r2)7
−r
2
12 + 7r12(r1 − r2) + 6(a21 − 7a1a2 + a22)
(r12 + r1 − r2)7
−r
2
12 − 7r12(r1 − r2) + 6(a21 − 7a1a2 + a22)
(r12 − r1 + r2)7 (9)
By combining Eqs. 8-9 one can obtain the total inter-
action. Even if the Hamaker theory strictly holds for
spherical particles interacting via a Lennard-Jones po-
tential only, it can provide a useful benchmark against
which simulation results can be assessed.
III. RESULTS AND DISCUSSION
A. Silica nanoparticles
We first calculate forces and PMF between silica
nanoparticles: the absence of coated chains and the con-
temporary presence of many atoms in a single spherical
nanoparticle (see Tab. I) make these NPs ideal candi-
dates in order to make a comparison with the Hamaker
theory. In order to perform the summation of the bead-
bead interactions required by the theory, we have em-
ployed Lennard-Jones parameters for silicon and oxy-
gen atoms taken from Tab. II, then using the Lorentz-
Berthelot mixing rules. Forces and PMF between a pair
of silica nanoparticles with radius 2.5 nm are respectively
reported in panels (a) and (b) of Fig. 2, along with the
predictions due to the Hamaker theory. A pictorial view
of two silica NPs whose mutual distance corresponds to
the minimum of the PMF is reported in the snapshot of
panel (a). We first note that the force is strongly nega-
tive for very short interparticle distances; then, the force
shows a steep increase, first attaining positive values and
then going to zero for interparticle distances of ' 1.5
nm. As for the PMF (panel b), we note that simula-
tion results closely match the theoretical datum in pro-
FIG. 2. Force (a) and PMF (b) between a pair of silica
nanoparticles of diameter 2.5 nm obtained from atomistic
simulations (symbols). In panel (b) a comparison with the
Hamaker theory (full line) is reported.
FIG. 3. Force (a) and PMF (b) between a pair of silica
nanoparticles of diameter 4.0 nm obtained from atomistic
simulations (symbols). In panel (b) a comparison with the
Hamaker theory (full line) is reported.
viding a Lennard-Jones behavior: in particular the po-
tential shows a well defined minimum of ' -500 kJ/mol
observed for a NP surface-surface distance of ' 0.3 nm.
The attractive well is followed by a quick rise, with the
potential going to zero for interparticle separations of '
3 nm. The theory slightly anticipates this trend, proving
a steeper shape of the potential.
Such a scenario is not significantly changed upon in-
creasing the size of silica nanoparticles: in Fig. 3 we re-
port the same comparison with the NP diameter fixed to
4.0 nm. In a first instance, we note that the minimum
deep is less enhanced than the previous case: such a re-
sult is apparently counterintuitive, since the increase of
6the particle size (and of the number of beads) is expected
to promote the attraction. But in this case the increase
of the particle volume is not fully compensated by the
increase of the beads, this circumstance making the sil-
ica nanoparticles less dense than before. Therefore, each
bead experiments a weaker interaction and the attractive
well is less enhanced. In addition, it is worth noting that
a repulsive contribution to the total interaction comes
from the coulombic potential: due to the presence of hy-
drogen atoms on the most external shells, two NPs com-
ing in close contact experience a significant electrostatic
repulsion. This effect is partially offset by the hydrogen
bonds between oxygen and hydrogen atoms belonging to
different NPs. However, for interparticle distances higher
than 0.3 nm (see Ref. [42]), the hydrogen bond can not
take place, this giving rise to the shoulder observed in
the PMF. These effects are not observed for smaller sil-
ica NPs, since they are given by surface interactions and
therefore are unfavoured if the number of atoms lying on
the particles surface decreases. By comparing simulation
data with the Hamaker theory, we observe that also in
this case all essential features of the theoretical predic-
tions (and, in particular, the depth and the position of
the attractive well) are nicely catched by simulated PMF,
except for the presence of the above said repulsive shoul-
der. Such an agreement constitutes a further validation
of the numerical procedure implemented for calculating
the PMF; at the same time, this finding is also indicative
of a good trasferibility of the theory, since the latter ap-
pears to accurately work regardless of the specific value
of the NP size.
B. Gold nanoparticles
Once assessed simulation results for silica NPs against
Hamaker predictions, we now investigate the behavior of
PMF between gold nanoparticles. In this case the com-
parison with the theory can not be performed due to both
the non-spherical shape of the NPs and the presence of
coated chains. We first report the behaviors of force and
PMF for a pair of bare gold NPs in panels (a) and (b) of
Fig. 4, along with a pictorial view of the two NPs. The
force appears quite noisy and lies in the range [-10 kJ/mol
· nm; +20 kJ/mol · nm]; hence, it appears that the NPs
are rather low interacting, as can be expected given the
low number of atoms constituting a single nanoparticle.
Moreover, since a large part of such atoms lie on the sur-
face of the NP rather than in the core, the surface effects
play a significant role, causing the irregular behavior of
the resulting force. By looking at the potential of mean
force (panel b) we note that is shows a smoother trend
and that it is repulsive in all the interparticle distance
range, even if two very shallow minima are observed for
NP surfaces placed at 0.53 and 1.90 nm. The overall be-
havior of the PMF is rather flat, this confirming that the
net interaction between the two NPs is low. Hence, in
comparison with silica NPs, the emerging picture is quite
FIG. 4. Force (a) and PMF (b) between a pair of bare gold
nanoparticles as a function of their mutual distance.
FIG. 5. Force (a) and PMF (b) between a pair of gold
nanoparticles coated with 19 PE chains as a function of their
mutual distance.
different, since the strong attraction previously observed
for low interparticle distances has now disappeared.
Upon coating the gold nanoparticles with PE chains
the behavior of the PMF is expected to be modified, as a
consequence of the interactions between chains. In Fig. 5
we report force (panel a) and PMF (panel b) between a
pair of gold NPs coated with 19 PE chains, correspond-
ing to a grafting density of ρg = 2.36: in comparison
with the bare case, the force shows now a more regular
and smooth behavior, the main feature being the quick
fall towards negative values in the range of short inter-
particle distances. The potential of mean force exhibits
a minimum placed at a distance of ' 0.4 nm and, in-
terestingly, is still negative even if the two nanoparticles
surfaces are in close contact. This is likely due to the
possibility for the chains to interpenetrate, since the rel-
7FIG. 6. Force (a) and PMF (b) between a pair of gold
nanoparticles coated with 28 PE chains as a function of their
mutual distance.
atively low number (19) of chains coated on a particle
leaves enough available space for the chains belonging to
the other particle. Such an effect is strongly dependent
on the number of chains, i.e. on the grafting density ρg
and also on the distance between the nanoparticles. A
proper combination of these two parameters gives rise to
the minimum observed in the PMF.
Results for gold nanoparticles coated with 28 PE
chains, corresponding to a grafting density of 3.48, are
reported in Fig. 6. The force (panel a) is now strongly
negative for close-contact configurations, then showing
a small and broad shoulder before getting the asymp-
totic value for interparticle separations of ' 2 nm. As a
consequence, the PMF (panel b) is now significantly re-
pulsive for close-contact configurations and shows a well-
defined attractive part with a minimum for interparti-
cle distances of ' 0.8 nm. The overall behavior of the
PMF could resemble to a Lennard-Jones potential, but
in the present case the attractive well is quite broad, ex-
tending for ' 1 nm. The emerging picture suggests that
with the increase of the grafting density there is also an
increase of the repulsion for very short ranges: this is
due to the higher number of chains that can not overlap,
hence giving rise to repulsive contributions. When the
two gold nanoparticles are sligthly more distant, chains
have enough space to interpenetrate, thus generating an
attractive interaction. Since there is a rather wide range
of distances where this interpenetration is possible, the
minimum in the PMF appears broad and well-defined.
The case corresponding to the higher grafting density
investigated in the present study (ρg = 4.72) is reported
in Fig. 7. A comparison with the previous case shows
that the force (panel a) is now remarkably more nega-
tive for very low interparticle separations; on the other
hand, the force attains its asymptotic value for surface
distances of ' 2 nm, as observed for ρg = 3.48. Over-
FIG. 7. Force (a) and PMF (b) between a pair of gold
nanoparticles coated with 38 PE chains as a function of their
mutual distance.
FIG. 8. Average gyration radius (a) and average end-to-end
distance (b) for PE chains with different Ng as a function of
the distance between NPs surfaces. Values of Ng are in the
legends.
8FIG. 9. Comparison between PMF of a pair of gold nanopar-
ticles for different values of Ng (in the legend) as a function
of their mutual distance. The behavior for low interparticle
distances is highlighted in the inset.
all, the behavior of the force is similar to that previously
observed, but for the strength of the force when the two
NPs come in close contact. As a consequence, the PMF
(panel b) is now much repulsive for low interparticle sep-
arations and shows a minimum of ' -200 kJ/mol placed
at a distance of ' 1.2 nm. Upon comparing this behavior
with the cases of lower grafting densities, we note that
the close-contact value of the PMF remarkably increases
with ρg; the position of the minimum is also affected by
the grafting density, going from 0.4 nm for ρg = 2.36 till
to 1.2 nm for ρg = 4.72. The depth of the minimum is in-
deed unchanged when going from ρg = 3.48 to ρg = 4.72.
All these features can be explained in terms of chain in-
terpenetration: upon increasing ρg, chains belonging to
different NPs are progressively repelled from each other,
this giving rise to the increasing repulsion observed in
the PMF; on the other hand, there is a preferred NP-NP
distance where the chains can be more easily arranged,
hence giving rise to a minimum in the PMF, whose po-
sition is in turn dependent on ρg.
More insight into the extension of PE chains and their
dependence on the grafting density can be gained by in-
vestigating their local structure. In Fig. 8 we report the
average gyration radius 〈Rg〉 (panel a) and the average
end-to-end distance 〈EtE〉 (panel b) for all the investi-
gated values of Ng. As a first instance, we note that
both 〈Rg〉 and 〈EtE〉 shows a clear dependence on Ng:
as visible, upon increasing the number of coating chains,
values of 〈Rg〉 and 〈EtE〉 increase in turn, this being par-
ticularly apparent for Ng = 38. This finding is a clear
indication that for high Ng (and hence for high graft-
ing densities) the chains are more stretched, since the
available space is reduced and they are forced to assume
elongated configurations. On the other hand, 〈Rg〉 and
〈EtE〉 shows also a slight dependence on the interparti-
cle separation, even if such a dependence is less enhanced
than that on Ng: in fact, for Ng = 28 and, in particular,
for Ng = 38, we note the presence of a shift for a NP-NP
distance of ' 2.5 nm. In correspondence of this distance,
both 〈Rg〉 and 〈EtE〉 jump to higher values, thus sig-
nalling a point where the coated chains belonging to a
NP stop to be compressed by the chains belonging to the
other NP, hence returning to their unperturbed size. By
comparing this behavior with the PMF reported in Fig. 6
and Fig. 7, one can note that the shift appears for the
same interparticle separation where the PMF vanishes, in
agreement with the recovering of the unperturbed state
of the chains.
A summarizing comparison between all the PMF cal-
culated for gold NPs is given in Fig. 9: in particular, the
increase of the repulsion strength for low interparticle
distance is clearly visible. In the inset, the region around
PMF minima is magnified: here, the progressive shift of
the minimum towards higher values of the interparticle
separation is enhanced, in agreement with the increase
of 〈Rg〉 and 〈EtE〉 previously discussed.
IV. CONCLUSIONS
In the present work we have investigated the behavior
of the potential of mean force (PMF) between atomistic
silica or gold nanoparticles (NPs). By performing GRO-
MACS molecular simulations in the canonical ensemble,
we have calculated the net forces between a pair of such
particles, hence obtaining the PMF through an integra-
tion over their mutual distances. In the case of silica
nanoparticles, the effects due to the particle size have
been taken into account upon calculating the PMF for
particles of 2.5 and 4 nm of diameter. No significant
discrepancies between the two cases have been observed,
the only remarkable difference being the appearance of a
peak in the PMF between the two larger particles. Such
an effect is likely due to surface interactions given by
the formation and breaking of hydrogen bonds. In addi-
tion, we have performed a comparison between simula-
tion data and an analytical theory due to Hamaker and
obtained by employing the Lennard-Jones parameters of
oxygen and silicon atoms. As a result, a good agreement
between theory and simulations has been found, this sug-
gesting that for bare spherical particles made by a large
number of atoms the overall behavior of the PMF can be
well approximated by means of a combination of site-site
Lennard-Jones potentials. We have then investigated the
behavior of PMF between gold nanoparticles, which have
been considered in a first instance bare and then coated
with an increasing number of polyethilene chains; in such
a way it is possible to detect the effect of the grafting
density ρg on the PMF. We have found that bare gold
NPs experience little interactions and surface effects are
dominant; upon coating the particles with polyethilene
chains, the profile of the PMF is deeply modified, with
the appearance of a short-range attraction characterized
9by a large attractive well. Overall, the resulting PMF
appears quite similar to a Lennard-Jones potential, but
for the attractive well that appears broader, extending
for distances of ' 1 nm. An high repulsive interaction is
detected for low interparticle distances and high grafting
densities.
The present work can be considered a preliminary
and necessary study suited to fully characterize effec-
tive interactions in high-density coarse-grained polymer
nanocomposites, where the knowledge of atomistic poten-
tials constitute a crucial issue that need to be properly
taken into account. Such studies will constitute the main
target of a forthcoming investigation.
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